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The u t i l i t y  o f  small n u c l e a r  r o c k e t s  f o r  e s c a p e  from 
o r  c a p t u r e  i n t o  h i g h  e c c e n t r i c i t y  p a r k i n g  o r b i t s  on manned 
p l a n e t a r y  m i s s i o n s  i s  i n v e s t i g a t e d .  Two r e p r e s e n t a t i v e  m i s s i o n s  
were b r i e f l y  a n a l y z e d :  a 1977 t r i p l e - p l a n e t  f l y b y  and a 1982 
Mars s topover /Venus  swingby. I n  b o t h  c a s e s  i t  was assumed t h a t  
n u c l e a r  p r o p u l s i v e  s tages  and t h e  s p a c e c r a f t  are  f i r s t  l aunched  
i n t o  a 48-hour p e r i o d ,  1 0 0  n .mi .  p e r i a p s i s  E a r t h  o r b i t  b y  th ree-  
stage S a t u r n  V-class  l aunch  v e h i c l e s ,  and n u c l e a r  r o c k e t s  a re  
t h e n  used  f o r  E a r t h  e s c a p e .  I n  t h e  c a s e  o f  t h e  s t o p o v e r  m i s s i o n ,  
h i g h  e c c e n t r i c i t y  o r b i t s  of  between 1 2  and 48 h o u r s  p e r i o d  were 
a l s o  assumed a t  Mars, w i t h  b o t h  c a p t u r e  and e scape  p r o p u l s i o n  
p r o v i d e d  b y  n u c l e a r  r o c k e t s .  

It was found t h a t  optimum v a l u e s  o f  t h r u s t / g r o s s  weight  
are as low as 0 . 0 5  and n o t  h i g h e r  t h a n  abou t  .15 as a r e s u l t  of 
u s i n g  h i g h - e c c e n t r i c i t y  o r b i t s ,  and  t h a t  c u r v e s  o f  pay load  f r a c t i o n  
v s .  t h r u s t / g r o s s  weight  a r e  ra ther  f l a t  i n  t h e  v i c i n i t y  o f  t h e  o p t i -  
mum. A s  a consequence ,  a common e n g i n e  o f  between about  1 0 , 0 0 0  and 
4 0 , 0 0 0  l b s  t h r u s t  (depending  on s p a c e c r a f t  w e i g h t )  i s  a p p r o p r i a t e  
f o r  b o t h  m i s s i o n s .  

The u s e  o f  such  eng ines  c o u l d  r e s u l t  i n  more p a y l o a d  
f o r  a g i v e n  number o f  l a u n c h e s ,  as compared w i t h  h i g h  per formance  
chemica l  c r y o g e n i c  rocke ts - -on  t h e  o r d e r  o f  10-15% f o r  t h e  f l y b y  
m i s s i o n  and 4 0 %  f o r  t h e  s t o p o v e r  m i s s i o n .  However, these  f i g w e s  
are  based on s i m p l i f i e d  and somewhat a r b i t r a r y  a s sumpt ions  re- 
g a r d i n g  s t a g e  i n e r t  w e i g h t s ,  e t c .  and s h o u l d  b e  r e g a r d e d  as S e n t a -  
t i v e .  
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I N T R O D U C T I  O N  

P r e v i o u s l y  sugges t ed  a p p l i c a t i o n s  f o r  small n u c l e a r  
r o c k e t s  have i n c l u d e d  a launch  v e h i c l e  upper  s t a g e  f o r  unmanned 
i n t e r p l a n e t a r y  m i s s i o n s ,  s i n c e  such  stages would be  r e l a t i v e l y  
small, and p e r i h e l i o n  impulse s tage f o r  manned Mars l a n d i n g  
m i s s i o n s ,  s i n c e  g r a v i t y  l o s s  e f f e c t s  would be  minimal f o r  such  
an a p p l i c a t i o n .  It i s  t h e  purpose o f  t h i s  memorandum t o  demon- 
s t r a t e  t h a t  such  r o c k e t s  can b e  used f o r  main p r o p u l s i o n  i n -  
c l u d i n g  E a r t h  e scape  on manned p l a n e t a r y  m i s s i o n s  when h i g h l y  
e l l i p t i c a l  p a r k i n g  o r b i t s  a r e  used  a t  t h e  p l a n e t s .  

Two m i s s i o n s  were i n v e s t i g a t e d :  a t r i p l e - p l a n e t  f l y -  
b y  m i s s i o n ,  and a 1 9 8 2  Venus swingby/Mars s t o p o v e r  m i s s i o n .  I n  
b o t h  m i s s i o n s  i t  i s  assumed t h a t  t h e  s p a c e c r a f t  and t h e  n u c l e a r  
p r o p u l s i o n  s t a g e s  are  launched  i n t o  a 48-hour p e r i o d ,  1 0 0  n .mi .  
p e r i g e e - a l t i t u d e  E a r t h  o r b i t ,  imp ly ing  t h e  use  o f  t h r e e - s t a g e  
S a t u r n  V-class  l aunch  v e h i c l e s .  

A n u c l e a r  s t a g e  i s  used  t o  i n j e c t  o n t o  t h e  i n t e r p l a n e -  
t a r y  t r a j e c t o r y  f o l l o w i n g  rendezvous ,  docking  and checkout  ope ra -  
t i o n s .  I n  t h e  c a s e  o f  t h e  Mars s t o p o v e r  m i s s i o n ,  n u c l e a r  stages 
are a l s o  used  f o r  t h e  Mars c a p t u r e  and e s c a p e  maneuvers;  c a p t u r e  
o r b i t s  of 1 0 0  n .mi .  p e r i a p s i s  a l t i t u d e  and between 1 2  and 48 h o u r s  
p e r i o d  were assumed. The problems o f  matching  s p a c e c r a f t  modules 
and p r o p u l s i o n  s t a g e s  t o  p a r t i c u l a r  l a u n c h  v e h i c l e  c a p a b i l i t i e s  
were n o t  i n c l u d e d  i n  t h i s  l i m i t e d  a n a l y s i s .  

N o t a t i o n  

a = Semi-major a x i s  o f  p a r k i n g  o r b i t  

= E a r t h  g r a v i t y  

I = S p e c i f i c  impulse  
SP 
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P e r i g e e  r a d i u s  o f  p a r k i n g  o r b i t  

T h r u s t  

Engine o p e r a t i n g  t i m e  

P e r i g e e  v e l o c i t y  o f  p a r k i n g  o r b i t  

P e r i g e e  v e l o c i t y  o f  t h e  nominal  hype rbo la  

Hyperbol ic  e x c e s s  v e l o c i t y  a t  t e r m i n a t i o n  
of  b u r n  

Engine weight 

Gross weight  a t  s t a r t  o f  p r o p u l s i v e  maneuver 

S t a g e  i n e r t  weight  ( e x c l u d i n g  e n g i n e s )  

Weight i n  E a r t h  o r b i t  

Payload  weight  

Mars e x c u r s i o n  imodule weight  

P r o p e l l a n t  weight  

S p a c e c r a f t  ( m i s s i o n  module + E a r t h  
e n t r y  module) weight  

V e l o c i t y  inc remen t  t h e o r e t i c a l l y  o b t a i n -  
ab le  from expending  t h e  p r o p e l l a n t  i n  
f i e l d  f r e e  s p a c e  

Impuls ive  v e l o c i t y  inc remen t  r e q u i r e d  a t  
p e r i g e e  t o  produce  a d e s i r e d  h y p e r b o l i c  
e x c e s s  v e l o c i t y  

AV - AVI = losses  due t o .  g r a v i t y  

E a r t h ' s  g r a v i t a t i o n a l  c o n s t a n t  
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ANALYSIS  

Method ard Assumptions 

The v a r i a t i o n  of pay load /g ross  weight  r a t i o  (WL/W,) 

w i t h  t h r u s t / g r o s s  weight  r a t i o  (T/WG) was de te rmined  f o r  each  o f  
t h e  e s c a p e  and c a p t u r e  maneuvers.  Nuc lea r  s t a g e  i n e r t  f r a c t i o n  
(W,/W,) was assumed t o  b e  0 . 2 ,  and e n g i n e  s p e c i f i c  impulse  8 2 5  
s e c o n d s .  Two v a l u e s  o f  t h r u s t / e n g i n e  weight  r a t i o  (T/WE), 3 .0  
and 4 . 0 ,  were used .  

The method employed was f i r s t  t o  s e l e c t  a v a l u e  o f  I \ 
i n  t h e  range  of i n t e r e s t ,  The e q u a t i o n s  of  mot ion  were \el 

t h e n  i n t e g r a t e d ,  u s i n g  a g r a v i t y - t u r n  as t h e  e s s e n t i a l l y  o p t i m a l  
s t e e r i n g  f u n c t i o n ,  u n t i l  t h e  t e r m i n a l  c o n d i t i o n  was r e a c h e d .  
Burning  t i m e  was minimized b y  i t e r a t i v e  s e l e c t t e n  c f  t h e  p o i n t  on 
t h e  p a r k i n g  o r b i t  a t  which t o  s t a r t  ( a l w a y s  b e f o r e  p e r i g e e ) .  

. Then WE = T Minimal W p  i s  t h e n  computed from Wp = t I 
SP 

W i  = ( k ) W p  . By d e f i n i t i o n ,  W G  = W t Wp + Wi + W E ,  and t h e  

v a l u e  of\%) 'wL c o r r e s p o n d i n g  t o  t h e  s e l e c t e d [ e \  i s  computed. 

b u r n  i n v o l v e s  o n l y  a n  ene rgy  l e v e l  and i s  independen t  o f  t h e  
d i r e c t i o n  of  t h e  h y p e r b o l i c  excess  v e l o c i t y  v e c t o r .  

(k) ' and 

L 

It was assumed t h a t  t h e  t e r m i n a l  c o n d i t i o n  o f  t h e  f i n i t e  

G r a v i t y  Losses  

I n  computing AVI, t h e  r e f e r e n c e  i s  a nominal  h y p e r b o l a  
w i t h  a p e r i a p s i s  r a d i u s  e q u a l  t o  t h a t  o f  t h e  p a r k i n g  e l l i p s e  and 
a h y p e r b o l i c  e x c e s s  v e l o c i t y  magnitude c o r r e s p o n d i n g  t o  t h e  termi- 
n a l  ene rgy  of' t h e  i n t e g r a t i o n .  The e s c a p e  h y p e r b o l a  i s  r e l a t e d  
t o  t he  nominal  h y p e r b o l a  on ly  i n  ene rgy  l e v e l .  

To d e t e r m i n e  AVL we f i r s t  s o l v e  t h e  r o c k e t  e q u a t i o n ,  

, for AV a t  t h e  c o n c l u s i o n  of  t h e  o p t i m a l  wG exp  ( A V / I g k  

b u r n .  We t h e n  compute 
'G - 'P 
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We t h e n  have AVL = AV - AVI, which are t h e  l o s s e s  due to g r a v i t y .  

The E a r t h  e scape  maneuver f o r  t h e  t r i p l e - p l a n e t  f l y b y  
m i s s i o n  was c h a r a c t e r i z e d  b y  a Vw o f  . 2 2  emos. 
c a l l y  r e p r e s e n t a t i v e  of t h e  1977 t r i p l e - p l a n e t  f l y b y  m i s s i o n  
(Refe rence  11, b u t  i s  a l s o  t y p i c a l  o f  o t h e r  d u a l  or t r i p l e - p l a n e t  
f l y b y s  and Mars s i n g l e - p l a n e t  t w i l i g h t  f l y b y s  when l a u n c h  window 
e f f e c t s  are  i n c l u d e d .  

T h i s  I s  s p e c i f i -  

The 1982 Mars capture/Venus swingby m i s s i o n  i s  cha rac -  
t e r i z e d  by V w t s  o f  .15, .13, and . 2 2  emos f o r  Ea r th  e s c a p e ,  Mars 
c a p t u r e ,  and Mars e s c a p e ,  r e s p e c t i v e l y ,  r e p r e s e n t i n g  a m i s s i o n  
d u r a t i o n  o f  a p p r o x i m a t e l y  1-1/2 years  (Refe rence  2 ) .  
Unpublished a n a l y s i s  by H.  S .  London has shown t h a t  i n  t h i s  par- 
t i c u l a r  m i s s i o n  t h e  a r r i v a l  and d e p a r t u r e  asymptotes  a t  Mars a re  
o r i e n t e d  such  t h a t  f o r  impu l s ive  maneuvers,  AV p e n a l t i e s  o f  l ess  
t h a n  5 0  f p s  need b e  i n c u r r e d  f o r  o f f - p e r i a p s i s  c a p t u r e  and e s c a p e  
i m p u l s e s ,  o v e r  a wide r a n g e  o f  Mars a r r i v a l  and d e p a r t u r e  da tes .  
Thus,  t h i s  p e n a l t y  was c o n s i d e r e d  n e g l i g i b l e  i n  t h e  p r e s e n t  s t u d y .  
The e f f e c t  of f i n i t e  t h r u s t  l e v e l s  on the  AV p e n a l t i e s  a s s o c i a t e d  
w i t h  d i r e c t i o n a l  e scape  from an  e l l i p t i c a l  o r b i t  s h o u l d  b e  assessed, 
however,  i n  any f u r t h e r  s t u d y .  

FLYBY M I S S I O N  

Payload  r a t i o  i s  shown as a f u n c t i o n  of T/WG f o r  t h e  
f l y b y  m i s s i o n  i n  F i g u r e  1, Corresponding  g r a v i t y  l o s s e s  and  
e n g i n e  o p e r a t i n g  t i m e  are  g iven  i n  F i g u r e  2 .  
g r o s s  weight r a t i o  i s  about  .10 ( f o r  e i t h e r  v a l u e  o f  T/WE) re- 
s u l t i n g  i n  a n  i n j e c t e d  payload of s l i g h t l y  more t h a n  t w o - t h i r d s  
t h e  g r o s s  weight  i n  o r b i t ,  b u t  near-maximum p a y l o a d s  are a t t a i n e d  
o v e r  a b road  r ange  o f  T/WG. 

The optimum t h r u s t /  
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A s  a n  example,  c o n s i d e r  a manned m i s s i o n  based on 
rendezvous  of two t h r e e - s t a g e  S a t u r n  V I S  i n  t h e  s p e c i f i e d  
48-hour p e r i o d  o r b i t .  The payload  c a p a c i t y  o f  SA-516 t o  t h i s  
o r b i t  i s  rough ly  1 1 0 , 0 0 0  pounds,  s o  t h a t  t h e  i n i t i a l  g r o s s  weight  
i n  o r b i t  would b e  220 ,000  pounds. The optimum t h r u s t  l e v e l  of  
t h e  n u c l e a r  E a r t h  e scape  s t a g e  would,  t h e r e f o r e ,  b e  abou t  2 2 , 0 0 0  
pounds and a pay load  o f  about  150,000 pounds c o u l d  be  i n j e c t e d  on 
a t r i p l e - p l a n e t  f l y b y  ( o r  a s i n g l e - p l a n e t  Mars t w i l i g h t  f l y b y ) .  
Engine o p e r a t i n g  t i m e  a t  t h i s  t h r u s t  l e v e l  would b e  about  34 min- 
u t e s ;  d o u b l i n g  t h e  t h r u s t  t o  4 4 , 0 0 0  l b s  would d e c r e a s e  o p e r a t i n g  
time t o  1 6  minutes  w h i l e  payload  would be r educed  3% a t  most .  
I f ,  on t h e  o t h e r  hand ,  engine  o p e r a t i n g  t ime o f  one h o u r  i s  a l low-  
ab le ,  a t h r u s t  l e v e l  o f  o n l y  about  1 4 , 0 0 0  pounds would b e  ade- 
q u a t e  and t h e  pay load  would s t i l l  be w i t h i n  2 or 3% o f  t h e  optimum 
v a l u e .  The optimum t h r u s t  l e v e l s  s c a l e  as t h e  i n i t i a l  weight  i n  
o r b i t ,  s o  t ha t  t h e  d e s i r a b l e  t h r u s t  l e v e l s  would i n c r e a s e  or de- 
c r e a s e  p r o p o r t i o n a t e l y  w i t h  t he  d e s i r e d  s p a c e c r a f t  w e i g h t .  

By compar ison ,  a c ryogenic  chemica l  i n j e c t i o n  s t age  
w i t h  I = 460 seconds  and A = 0 . 9  cou ld  i n j e c t  a pay load  o f  
a b o u t  59% o f  i n i t i a l  g r o s s  w e i g h t - i n - o r b i t  on  t h e  same m i s s i o n ,  
o r  a b o u t  13% less  pay load  t h a n  t h e  l o w - t h r u s t  n u c l e a r  s tage .  

SP 

MARS CAPTURE M I S S I O N  

Payload r a t i o  ve r sus  t h r u s t / w e i g h t  r a t i o  c u r v e s ,  and 
c o r r e s p o n d i n g  v a r i a t i o n s  i n  o p e r a t i n g  t i m e  and g r a v i t y  l o s s e s ,  
are shown f o r  t h e  Mars c a p t u r e  m i s s i o n  i n  F i g u r e s  3 - 8 .  

The combina t ion  of  a small i d e a l  AV ( l . e . ,  i m p u l s i v e ,  
a t  per igee)  r e q u i r e d  f o r  t he  Ea r th  e s c a p e  maneuver ( ~ 3 , 6 0 0  f p s )  
p l u s  t h e  h i g h l y  e c c e n t r i c  E a r t h  o r b i t  r e s u l t s  i n  a v e r y  low o p t i -  
mum v a l u e  of  T/WG, abou t  . 060  - .075 .  Engine o p e r a t i n g  t ime i s  
a b o u t  30 minu tes  a t  t h e s e  t h r u s t  l e v e l s .  

The Mars c a p t u r e  maneuver o p t i m i z e s  a t  T/WG between abou t  
.07 and .lo, depending  on T/WE and o r b i t  p e r i o d ,  w i t h  o p e r a t i n g  
t i m e  no more t h a n  40 minu tes  i n  t h i s  r a n g e .  Optimum T/WG f o r  t h e  
Mars e s c a p e  maneuver i s  h i g h e r ,  between abou t  .10 and .15, because  
o f  t h e  r e l a t i v e l y  l a r g e  AV (~11,000 f p s  from a 48-hour p e r i o d  or- 
b i t )  a s s o c i a t e d  w i t h  t h e  1982 m i s s i o n .  Engine b u r n  t i m e  i s  l o n g e r  
f o r  t h i s  maneuver;  about  55 minutes  a t  T / W G  = .10 and abou t  35 min- 
u t e s  a t  . 1 5 .  
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More t o  t h e  p o i n t  i s  t h e  f a c t  t h a t  i n  a l l  t h e s e  
maneuvers near-maximum payload r a t i o  can b e  a t t a i n e d  ove r  a 
t h r u s t / g r o s s  weight  r a t i o  range  o f  a t  l ea s t  .05-.15. 

Mars EscaDe 

The r ange  of  T/W, o f  between .10 and . 2 0  f o r  Mars 
e s c a p e ,  which g i v e s  near-maximum p a y l o a d s ,  i s  more t h a n  ade- 
q u a t e  w i t h  r e g a r d  t o  eng ine  l i f e  assuming t h a t  a n  o p e r a t i n g  
t i m e  of a n  h o u r  i s  p e r m i s s i b l e  (see F i g u r e  8 ) .  With T/WG i n  
t h i s  r a n g e ,  t h e  pay load  r a t i o  f o r  Mars e s c a p e  would b e  between 
.48  and .525 depending  on t h e  p e r i o d  of  t h e  c a p t u r e  o r b i t  and ,  
t o  a l e s s e r  degree,  on t h e  t h r u s t / e n g i n e  weight  r a t i o .  

The pay load  can be c o n s i d e r e d  t o  c o n s i s t  o f  t h e  space-  
c r a f t  ( m i s s i o n  module + E a r t h  e n t r y  module) and a midcourse  co r -  
r e c t i o n  s t age .  A r b i t r a r l y  assuming a r e t u r n  l e g  midcourse AV 
budget  of 1 , 0 0 0  f p s  (500 f p s  on b o t h  t h e  Mars-Venus and Venus- 
E a r t h  phases ) ,  midcourse  s tage  mass f r a c t i o n  o f  .85  and I = 390 
s e c ,  t h e  m i l c o u r s e  stage would b e  abou t  9 %  o f  t h e  s p a c e c r a f t  
weight .  The g r o s s  weight  p r i o r  t o  Mars e s c a p e  would t h e r e f o r e  b e  
a b o u t  2 . 1  - 2 . 2  t imes s p a c e c r a f t  weight .  

SP 

The optimum escape  t h r u s t  t h e n  would b e  i n  t h e  r a n g e  o f  
a b o u t . 2  - . 3  times s p a c e c r a f t  weight .  A r e a s o n a b l e  r ange  o f  
s p a c e c r a f t  w e i g h t s  might  b e  approx ima te ly  1 0 0 , 0 0 0  l b s  on t h e  h i g h  
s i d e  w i t h  an  8 man crew, t o  a s  l i t t l e  as abou t  50,000 w i t h  a 3 
man crew. 

Thus,  t h e  b e s t  t h r u s t  r a n g e  would be around 2 0 , 0 0 0  - 
30 ,000  l b s  w i t h  a heavy s p a c e c r a f t ,  o r  1 0 , 0 0 0  - 15,000 l b s  w i t h  a 
l i g h t  s p a c e c r a f t .  

Mars Cap tu re  

Optimum T/WG f o r  Mars c a p t u r e  i s  lower  t h a n  f o r  e s c a p e ,  
a round .05 - .lo, due t o  t h e  lower  V f o r  Mars c a p t u r e ,  and a g a i n  
t h e  pay load  - T/WG cu rve  i s  very  f l a t  ( F i g u r e  5 ) .  Engine ope ra -  
t i n g  t i m e  i s  less  t h a n  one hour  even  f o r  T/WG as low as .05  
( F i g u r e  6 ) ,  

00 

The pay load /g ross  weight  r a t i o  f o r  t h e  c a p t u r e  maneuver 
i s  between abou t  .73  and .765 .  "Payload"  f o r  t h e  c a p t u r e  maneuver 
now c o n s i s t s  of t he  Mars escape  s t a g e ,  t h e  s p a c e c r a f t ,  and a Mars 
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e x c u r s i o n  module ( o r  unmanned p r o b e s ) ,  I t  was p r e v i o u s l y  de- 
t e r m i n e d  t h a t  t h e  Mars escape s t a g e  would be 2 . 1  - 2 . 2  t imes 
t h e  s p a c e c r a f t  w e i g h t ;  t h e r e f o r e  t h e  gross weight  p r i o r  t o  t h e  
s t a r t  o f  t h e  c a p t u r e  maneuver, i n c l u d i n g  t h e  Mars c a p t u r e  s t a g e  
weight,  can  b e  e x p r e s s e d  as 

where a = 1 .31  - 1.37 and b = 2 . 1  - 2 . 2  so t h a t  

Again t a k i n g  as a "heavy" s p a c e c r a f t  one which weighs 
1 0 0 , 0 0 0  l b s  and a co r re spond ing  MEM which a l s o  weighs = 1 0 0 , 0 0 0  
l b s ,  g r o s s  Mars c a p t u r e  weight  would be between 406,000 and 
438,000 l b s .  
. l o ,  t h e  optimum t h r u s t  l e v e l  would t h e r e f o r e  b e  2 8 , 0 0 0  - 44,000 
l b s .  

b e s t  t h r u s t  l e v e l  would b e  about  14,000 - 22,000 l b s .  

S i n c e  t h e  optimum v a l u e  of  T/WG was about  . 07  - 
F o r  a small l i g h t  S/C ( W s c  and WMEM 50,000 l b s  each) t h e  

E a r t h  Escape 

The p a y l o a d / g r o s s  weight  r a t i o  i s  abou t  . 8 1  for t h e  
E a r t h  e s c a p e  maneuver for va lues  o f  T/W between abou t  .05  - .lo. 
The E a r t h  e scape  "Payload" c o n s i s t s  o f  Ehe Mars c a p t u r e  and es- 
cape  s t a g e s  as w e l l  as t h e  s p a c e c r a f t ,  Mars e x c u r s i o n  module,  and 
midcourse  p r o p u l s i o n  - - i . e . ,  i t  i s  e q u a l  to t h e  g r o s s  we igh t  j u s t  
p r i o r  t o  t h e  Mars c a p t u r e  maneuver p l u s  t h e  Earth-Mars midcourse  
p r o p u l s i o n .  

A midcourse  AV o f  5OCr f p s  i s  assumed for t he  E a r t h -  
Mars phase  of t h e  m i s s i o n ;  t h e  midcourse p r o p u l s i o n  s y s t e m  w i l l  
t h e n  weigh about  .046 times t h e  Mars c a p t u r e  g r o s s  w e i g h t .  The 
g r o s s  weight  i n  t h e  e l l i p t i c a l  E a r t h  o r b i t  ( n o t  i n c l u d i n g  any 
i t e m s  j e t t i s o n e d  p r i o r  t o  i n i t i a t i n g  t h e  e s c a p e  maneuver) i s  t h e n  

1 . 0 4 6  
'Mars c a p t u r e  'L Q 'Mars c a p t u r e  WIEO = T- 
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The g r o s s  weight p r i o r  t o  Mars c a p t u r e  was p r e v i o u s l y  es t imated  
a t  406,000 - 438,000 l b s  for a "heavy" s p a c e c r a f t  and MEM 
( 1 0 0 , 0 0 0  l b s  e a c h )  or h a l f  t h a t  f o r  l l L i g h t t l  s p a c e c r a f t  and MEM 
( 5 0 , 0 0 0  l b s  e a c h ) .  Gross weight  i n  E a r t h  o r b i t  i s  t h e n  about  
530,000 - 570,000 l b s  f o r  t h e  "heavy" w e i g h t s ,  and h a l f  t h a t  f o r  
t h e  " l i g h t "  w e i g h t s .  The b e s t  t h r u s t  l e v e l  f o r  E a r t h  e s c a p e  i s  
t h e r e f o r e  anywhere from about  26,000 l b s  t o  56,000 l b s  w i t h  t h e  
"heavy" s p a c e c r a f t  or 1 3 , 0 0 0  - 2 8 , 0 0 0  l b s  w i t h  " l i g h t "  s p a c e c r a f t .  

Mars Capture  Miss ion  - Summary 

The t t b e s t f f  t h r u s t  l e v e l s  ( i . e . ,  near-optimum i n  terms 
of g r o s s  w e i g h t ,  w i t h  e n g i n e  o p e r a t i n g  times < one h o u r )  are  
summarized i n  t h e  f o l l o w i n g  t a b l e ,  where "heavy" and " l i g h t "  
s p a c e c r a f t  we igh t s  a r e  a r b i t r a r i l y  assumed t o  b e  : 

"Heavy"- m i s s i o n  module + E a r t h  e n t r y  module = 1 0 0 , 0 0 0  l b s ;  

"Light" -  1/2 t h e  heavy v a l u e s .  

-- Mars e x c u w l o n  module = 1 0 0 , 0 0 0  l b s ;  

Miss ion  Phase T h r u s t  Leve l s  ( l b s )  
he avy S / C " l i g h t "  S/C 

E a r t h  e scape  26,000-56,000 13,000-28,000 

Mars c a p t u r e  20,000-44,000 10,000-22,000 

Mars e s c a p e  20,000-40,000 1 0 , 0 0 0 - 2 0 , 0 0 0  

I f  one wishes t o  s e l e c t  an  eng ine  which i s  a p p r o p r i a t e  f o r  u se  
w i t h  e i t h e r  " l i g h t "  or "heavy" s p a c e c r a f t ,  someth ing  i n  t h e  
20,000 l b  t h r u s t  c a t e g o r y  would seem s u i t a b l e .  S i n g l e  e n g i n e  con- 
f i g u r a t i o n s  would t h e n  be a p p r o p r i a t e  f o r  a l l  t h r e e  stages w i t h  a 
" l i g h t "  s p a c e c r a f t ,  as w e l l  as f o r  t h e  Mars c a p t u r e  and e s c a p e  
stages w i t h  a "heavy" spacec ra f t .  I n  t h e  "heavy" s p a c e c r a f t  c a s e ,  
t h e  E a r t h  e s c a p e  s tage  would use  two e n g i n e s ;  t h e  Mars c a p t u r e  and 
e s c a p e  s tages  c o u l d  a l so  b e  two-engine r a t h e r  t h a n  s i n g l e  e n g i n e  
c o n f i g u r a t i o n s ,  Engines  as small as 1 0 , 0 0 0 - 1 5 , 0 0 0  l b s  t h r u s t  woi*ld 
b e  s u ' i t a b l e  f o r  2-4 e n g i n e  stages w i t h  a "heavy" s p a c e c r a f t  
and one or two-engine s tages  w i t h  a " l i g h t "  s p a c e c r a f t .  

If a n  e n g i n e  i s  s e l e c t e d  on t h e  basis of a "heavy" space -  
c r a f t  o n l y ,  t h e n  t h e  p re fe r r ed  t h r u s t  l e v e l  would b e  h i g h e r ,  s a y  
3O,000-40,000 l b s .  T h i s  would a l l o w  s i n g l e - e n g i n e  c o n f i g u r a t i o n s  
i n  a l l  t h r e e  s tages  and would take advan tage  of a presumably h i g h e r  
t h r u s t / e n g i n e  weight  r a t i o  as compared w i t h  a smaller e n g i n e .  

i 
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Comparison w i t h  Chemical S t a g e s  

The i n i t i a l  weight r e q u i r e d  i n  t h e  same 48-hour p e r i o d  
Ea r th  o r b i t  if c ryogen ic  chemica l  ra ther  t h a n  n u c l e a r  stages are 
used  was c a l c u l a t e d  f o r  comparison. An I o f  460 seconds  and 
x of  0.9 was assumed f o r  a l l  stages. The same assumpt ions  were 
made f o r  midcourse AV and p r o p u l s i o n  s y s t e m  c h a r a c t e r i s t i c s  as 
i n  t h e  n u c l e a r  case. 

SP 

It was assumed tha t  t h e  t h r u s t / w e i g h t  r a t i o s  f o r  t h e  
chemica l  stages a r e  s u f f i c i e n t l y  h igh  s o  t h a t  g r a v i t y  l o s s e s  can  
be n e g l e c t e d .  The r e s u l t s  are:  

WIEO = 2 . 4  WMEM + 5.89 wsIc f o r  a -l2,-hr. p e r i o d  
Mars o r b i t  

= 2 . 0 2  WMEM -t 5.33  ws/c f o r  a 48-hr.  p e r i o d  
Mars o r b i t  

F o r  t h e  1 0 0 , 0 0 0  MEM and S/C, t h e r e f o r e ,  t h e  WIEO i s  between 
a b o u t  735,000 and 803,000 l b s .  T h i s  compares w i t h  t h e  e s t i m a t e  of 
530,000-570,000 l b s  u s i n g  n u c l e a r  s tages ,  i n d i c a t i n g  a lmost  a 30% 
r e d u c t i o n  i n  WIEO th rough  use of small n u c l e a r  r o c k e t s ,  based on 
t h e  assumed performance parameters. Converse ly ,  t h e s e  f i g u r e s  
imply  t h a t  u s i n g  n u c l e a r  r o c k e t s  w i l l  r e s u l t  i n  approx ima te ly  4 0 %  
greater  payload ( i . e . ,  t o t a l  s p a c e c r a f t  we igh t )  f o r  a g i v e n  number 
(and  weight )  o f  l a u n c h e s .  

CONCLUSIONS AND REMARKS 

1) The r a t i o  of n u c l e a r  r o c k e t  t h r u s t  t o  v e h i c l e  g r o s s  
weight which maximizes t h e  pay load /g ross  weight  r a b i o  f o r  m i s s i o n s  
based on h i g h l y  e c c e n t r i c  p a r k i n g  o r b i t s  a t  Ea r th  and Mars i s  as 
low as .05 and n o t  h i g h e r  t h a n  abou t  .15.  The optimum v a l u e  of 
T/WG f o r  a p a r t i c u l a r  escape o r  c a p t u r e  maneuver i n c r e a s e s  as Vm 
i n c r e a s e s ,  as t h e  p e r i o d  ( o r  e c c e n t r i c i t y )  o f  t h e  p a r k i n g  o r b i t  
d e c r e a s e s ,  and as t h e  r a t i o  of t h r u s t  t o  p r o p u l s i o n  sys t em weight 
i n c r e a s e s .  

2 )  The masses which must b e  a c c e l e r a t e d  ( o r  d e c e l e r a t e d )  
d u r i n g  e s c a p e  ( o r  c a p t u r e )  maneuvers are much smaller when e l l i p -  
t i c a l  ra ther  t h a n  low a l t i t u d e  c i r c u l a r  p a r k i n g  o r b i t s  are employed 
T h i s  f a c t  combined w i t h  t h e  low v a l u e s  o f  optimum t h r u s t / g r o s s  
weight r a t i o  a s s o c i a t e d  w i t h  h i g h l y  e l l i p t i c a l  p a r k i n g  o r b i t s  means 
t h a t  much lower t h r u s t  magni tudes a r e  a p p r o p r i a t e  t h a n  i s  t h e  c a s e  
when l o w - a l t i t u d e  c i r c u l a r  o r b i t s  are used .  
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3 )  The cu rves  of payload r a t i o  v s .  t h r u s t / g r o s s  weight  
r a t i o  are ra ther  f l a t  i n  t h e  v i c i n i t y  o f  t h e  optimum, s o  t h a t  i n  
p r a c t i c e  t h e r e  i s  a wide range  of t h r u s t  l e v e l  which w i l l  g i v e  
near-maximum pay load  r a t i o  f o r  any g i v e n  maneuver. T h i s  f a c i l i -  
t a t e s  t h e  c h o i c e  o f  a common e n g i n e  f o r  d i f f e r e n t  m i s s i o n s  and 
m i s s i o n  phases.  

4 )  The m i s s i o n s  ana lyzed  and t h e  a s sumpt ions  made i n  t h i s  
b r i e f  s t u d y  lead t o  t h e  c o n c l u s i o n  t h a t  a t h r u s t  l e v e l  o f  between 
abou t  1 0 , 0 0 0 - 4 0 , 0 0 0  l b s  p e r  engine  would b e  most a p p r o p r i a t e  f o r  
n u c l e a r  r o c k e t s  which a r e  used t o  i n j e c t  a manned p l a n e t a r y  v e h i c l e  
f rom a h i g h l y  e l l i p t i c a l  E a r t h  o r b i t  i n t o  a t r a n s p l a n e t a r y  t r a -  
j e c t o r y ,  and f o r  Mars c a p t u r e  and e scape  s t a g e s  as w e l l .  

5 )  A comparison w i t h  h i g h  per formance  chemica l  c r y o g e n i c  
s t a g e s  i n d i c a t e s  t h a t  t h e  use o f  small n u c l e a r  r o c k e t s  might  s i g -  
n i f i c a n t l y  r e d u c e  t h e  weight  r e q u i r e d  i n i t i a l l y  i n  t h e  e l l i p t i c a l  
E a r t h  p a r k i n g  o r b i t  f o r  a g iven  s p a c e c r a f t  weight  (or t h e  c o n v e r s e )  
--on t h e  o r d e r  o f  10-15% f o r  f l y b y  m i s s i o n s  and 25-30% f o r  a Mars 
capture /Venus  swingby mis s ion .  T h i s  c o n c l u s i o n  i s  t e n t a t i v e ,  how- 
e v e r ,  s i n c e  i t  i s  based on somewhat a r b i t r a r y  a s sumpt ions  c o n c e r n i n g  
s tage  i n e r t  we igh t s ,  does not  i n c l u d e  separate c o n s i d e r a t i o n  o f  b o i l -  
o f f ,  i n s u l a t i o n ,  and meteoro id  s h i e l d  p e n a l t i e s ,  aerodynamic sh roud  
weights r e q u i r e d  d u r i n g  l aunch ,  c o n s t r a i n t s  on l a u n c h  v e h i c l e  pay- 
l o a d  l e n g t h ,  e t c .  

6 )  The r e s u l t s  o f  t h i s  s t u d y  do n o t  - n e c e s s a r i l y  mean t h a t  
a small n u c l e a r  eng ine  i n  t h e  c a t e g o r y  c o n s i d e r e d  i s  b e t t e r  t h a n  
a l a r g e r  e n g i n e  i n  t h e  Nerva I c l a s s  (~75,000 l b s  t h r u s t )  f o r  
manned p l a n e t a r y  m i s s i o n s .  On t h e  c o n t r a r y ,  h i g h e r  t h r u s t  l e v e l s  
f a c i l i t a t e  u s i n g  n u c l e a r  s t a g e s  to e s c a p e  from a low a l t i t u d e  c i r -  
c u l a r  ra ther  t h a n  h i g h l y  e l l i p t i c a l  E a r t h  o r b i t ,  and would there-  
f o r e  r e s u l t  i n  b e t t e r  o v e r a l l  per formance  ( i . e . ,  more p a y l o a d  for 
a g i v e n  number of l a u n c h e s )  because  more o f  t h e  t o t a l  AV i s  i m p a r t e d  
by t h e  h i g h  I n u c l e a r  s t a g e s  and less  b y  t h e  chemica l  l a u n c h  ve- 
h i c l e s .  (Per formance  s t u d i e s  by  N A S A  c o n t r a c t o r s  have  shown t h a t  
s t i l l  b e t t e r  per formance  muld  r e s u l t  i f  t h e  n u c l e a r  stages a re  
s ta r ted  s u b o r b i t a l l y . )  S i m i l a r l y ,  h i g h e r  t h r u s t  l e v e l s  a re  b e t t e r  
f o r  a t t a i f i i i i g  low a l t i t u d e  O r b i t s  a t  Mars oil: Venus. A s econd  b u t  
less i m p o r t a n t  advan tage  o f  h i g h  t h r u s t  e n g i n e s  i s  somewhat h i g h e r  
t h r u s t / e n g i n e  weight r a t i o .  

SP 

On t h e  o t h e r  hand ,  numerous s t u d i e s  have  shown t h a t  
t he re  i s  a large r e d u c t i o n  i n  t h e  WIEO for p l a n e t a r y  c a p t u r e  m i s -  
s i o n s  i f  h i g h l y  e c c e n t r i c  o r b i t s  a r e  employed a t  t h e  t a r g e t  p l a n e t ,  
a l t h o u g h  some compromise of' m i s s i o n  o b j e c t i v e s  may b e  i n v o l v e d ,  and 
t h e  r e s u l t s  r e p o r t e d  h e r e i n  c l e a r l y  i n d i c a t e  t h a t  a small e n g i n e  i s  
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b e t t e r  i n  t h a t  c a s e  f o r  Mars c a p t u r e  and e s c a p e .  The r e s u l t s  
f u r t h e r m o r e  show t h a t  such  an e n g i n e  c o u l d  u s e f u l l y  be  employed 
f o r  E a r t h  e scape  by s t a r t i n g  from a h i g h  e c c e n t r i c i t y  E a r t h  o r b i t  
i n t o  which t h e  s p a c e c r a f t  and p r o p u l s i v e  s t a g e s  would be  l aunched  
by t h r e e - s t a g e  S a t u r n  V-class l aunch  v e h i c l e s .  The q u e s t i o n  o f  
what would b e  a "bes t  compromise" t h r u s t  l e v e l  f o r  m i s s i o n s  u s i n g  
n u c l e a r  r o c k e t s  t o  e s c a p e  f r o m  low a l t i t u d e  E a r t h  o r b i t  and i n -  
v o l v i n g  a h i g h - e c c e n t r i c i t y  c a p t u r e  o r b i t  a t  Mars or Venus has 
n o t  y e t  been addressed. Ne i the r  has t h e  f e a s i b i l i t y  of c l u s t e r i n g  
la rge  numbers ( e . g . ,  6 o r  more) of  small e n g i n e s  or o f  u s i n g  m u l t i -  
e n g i n e  p a r a l l e l  stages been  i n v e s t i g a t e d  f o r  t h e  E a r t h  e s c a p e  p h a s e .  

1013-ALS-~ jh  HSL 

Attachments  

A .  L .  S c h r e i b e r  
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